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Abstract
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Increasing evidence suggests that iron-sulfur proteins are the primary targets of NO (nitric oxide).
Exposure of Escherichia coli cells to NO readily converts iron-sulfur proteins to the protein-bound
DNICs (dinitrosyl iron complexes). While the protein-bound DNICs are stable in vitro under
aerobic or anaerobic conditions, they are efficiently repaired in aerobically growing E. coli cells
even without new protein synthesis. The cellular repair mechanism for the NO-modified ironsulfur proteins remains largely elusive. Here we report that unlike aerobically growing E. coli
cells, the starved E. coli cells fail to re-activate the NO-modified iron-sulfur proteins.
Significantly, addition of L-cysteine, but not other related biological thiols, results in
decomposition of the protein-bound DNICs in the starved E. coli cells and in the cell extracts
under aerobic conditions. However, L-cysteine has little or no effect on the protein-bound DNICs
in the starved E. coli cells and in vitro under anaerobic conditions, suggesting that oxygen is
required for the L-cysteine-mediated decomposition of the protein-bound DNICs. Additional
studies reveal that L-cysteine is able to exchange the DNIC with the protein-bound DNICs to form
the L-cysteine-bound DNIC which is rapidly disrupted by oxygen, resulting in eventual
decomposition of the protein-bound DNICs under aerobic conditions.
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In activated macrophages and neutrophils, excessive amounts of NO (nitric oxide) are
produced by inducible NO synthase to kill pathogenic bacteria and tumor cells [1]. Among
the primary targets of NO cytotoxicity are the iron-containing redox centers hemes and ironsulfur clusters in proteins [2–4]. Unlike reversible binding of NO to hemes in proteins [5,6],
iron-sulfur clusters are completely disrupted by NO forming the protein-bound DNICs
(dinitrosyl iron complexes) [7–17]. Recent studies with synthetic compounds further
demonstrated that NO is able to directly interact with iron-sulfur clusters to form the DNICs
[18,19]. The unique EPR (Electron Paramagnetic Resonance) signal at g = 2.04 of the
protein-bound DNICs has been observed in bacterium Clostridium botulinum treated with
NO produced from reduction of nitrite [20], in activated macrophages where NO was
© 2010 Elsevier Inc. All rights reserved.
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produced by inducible NO synthase [21], in tumor cells co-cultured with activated
macrophages [22], in the post-operative-day-4 allografts [23], in the gastro-oesophageal
junction where NO was generated luminally from nitrite [24], and in cultured mammalian
cells treated directly with NO donors [25–27]. When Escherichia coli cells were exposed to
pure NO gas at micromolar concentrations, a large number of iron-sulfur proteins were
modified forming the protein-bound DNICs [16].
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Purified protein-bound DNICs are stable under both aerobic and anaerobic conditions [13].
However, the protein-bound DNICs are efficiently repaired in aerobically growing E. coli
cells even without new protein synthesis [12,16]. Although a number of proteins including
the iron-sulfur cluster assembly machinery [2,14,15,28,29] and the diiron protein YtfE [30]
have been identified as crucial for re-activation of the NO-modified iron-sulfur proteins in
E. coli cells, the underlying cellular mechanism has not been fully understood. In previous
studies, we found that L-cysteine, but not proteins or other related biological thiols such as
reduced glutathione and N-acetyl-L-cysteine, can efficiently decompose the protein-bound
DNICs in vitro under aerobic conditions [13,16]. Nevertheless, the physiological relevance
of the L-cysteine-mediated decomposition of the protein-bound DNICs was not addressed.
Here, we report that unlike aerobically growing E. coli cells, the carbon-starved E. coli cells
in which the intracellular free amino acids including L-cysteine were largely depleted [31]
fail to repair any NO-modified iron-sulfur proteins. Addition of L-cysteine, but not other
related biological thiols or amino acids, to the starved E. coli cells restores the cellular
activity for decomposing the protein-bound DNICs under aerobic conditions. However, Lcysteine has little or no effect on the protein-bound DNICs in the starved E. coli cells and in
vitro under anaerobic conditions, suggesting that oxygen has an essential role for the Lcysteine-mediated decomposition of the protein-bound DNICs. Additional studies reveal
that L-cysteine is able to extrude the DNIC from the protein-bound DNICs via the thiol
ligand exchange to form the L-cysteine-bound DNIC which is rapidly disrupted by oxygen,
resulting in eventual decomposition of the protein-bound DNICs. The physiological
relevance of the L-cysteine/oxygen-mediated decomposition of the protein-bound DNICs
will be discussed.

Materials and Methods
Gene cloning and protein preparation

NIH-PA Author Manuscript

The DNA fragment encoding an iron-sulfur enzyme aconitase B [32] was amplified from
wild-type E. coli genomic DNA by PCR using two primers (AcnB-1, 5’gaaccgccatggtagaagaatacc-3’; AcnB-2, 5’-tgactttttaaagcttagtctgga-3’). The PCR product was
digested with NcoI and HindIII, and ligated to pBAD (Invitrogene co.) to produce
pBACNB. Recombinant aconitase B was expressed in E. coli MC4100 by adding Larabinose (0.02%) to LB (Luria-Bertani) medium and purified as described in [17]. The
purity of purified aconitase B was over 95% judging from the SDS/PAGE followed with
Coomassie staining. The aconitase activity was measured by transferring an aliquot of the E.
coli cell extracts to a pre-incubated solution containing Tris (90 mM, pH 8.0) and D,Lisocitrate (20 mM) at 23°C as described in [17]. The reaction was monitored at 240 nm in a
Beckman DU640 UV-Visible spectrometer using an extinction coefficient of 3.6
mM−1cm−1 [7].
NO exposure of E. coli cells
Overnight E. coli cells (MC4100) containing pBACNB plasmid were diluted 1:50 in LB
medium and incubated at 37°C with aeration (250 rpm) for 3 hours, followed by induction
with L-arabinose (0.02%) for additional 2 hours. Cells were then harvested, washed three
times with the M9 minimal medium (without glucose), and re-incubated in the same

Free Radic Biol Med. Author manuscript; available in PMC 2011 July 15.

Yang et al.

Page 3

NIH-PA Author Manuscript

minimal medium at 37°C with aeration for 3 hours. Chloramphenicol (34 µg/mL) was then
added to E. coli cells to block new protein synthesis. Cells were subsequently purged with
pure argon gas for 10 min before the NO exposure as described in [16]. NO gas (Air Co.)
was first passed through a soda-lima column to remove NO2 and higher nitrogen oxides
before being connected to Silastic tubing [16]. The length of Silastic tubing immersed in the
cell culture was adjusted in such that about 100 nM NO per second was released under
vigorous stirring to emulate the pathophysiological NO production in activated neutrophils
[33,34]. After NO exposure for 10 min, E. coli cells were re-purged with pure argon gas to
remove residual NO and returned to different growth conditions. Because E. coli MC4100
has a reduced expression of transcription factor FNR [35], another “wild-type” E. coli strain
GC4468 containing recombinant aconitase B was also used for the NO exposure
experiments. The results using both MC4100 and GC4468 were essentially the same.
Preparation of the L-cysteine-bound DNIC
The L-cysteine-bound DNIC was prepared according to [36,37] with slight modifications.
Briefly, pre-degassed Fe(NH4)2(SO4)2 (100 µM) was injected into a pre-degassed vial
containing L-cysteine (200 µM) and Tris (50 mM) (pH 8.0) anaerobically, followed by
injection of a bolus of pure NO gas. Residual NO in the solution was removed by purging
with pure argon gas.
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Analyses of nitrite, nitrate, and ferrous iron
Nitrite in solutions was measured using the Griess reagents according to the manufacture’s
instruction (Cayman Chemicals co.). Nitrate in solutions was measured after reduction to
nitrite by means of cadmium reductor [38]. Ferrous iron in solutions was measured using an
iron indicator ferroZine as described in [39].
EPR measurements
The X-band EPR spectra were recorded using a Bruker model ESR-300 spectrometer
equipped with an Oxford Instruments 910 continuous flow cryostat. Routine EPR conditions
were: microwave frequency, 9.47 GHz; microwave power, 10.0 mW; modulation frequency,
100 kHz; modulation amplitude, 1.2 mT; temperature, 20 K; receive gain, 105.

Results
L-cysteine mediates decomposition of the protein-bound DNICs in the starved E. coli cells
under aerobic conditions
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Previous studies indicated that L-cysteine, but not other related biological thiols such as
glutathione and N-acetyl-L-cysteine, can efficiently decompose the protein-bound DNICs in
vitro under aerobic conditions [13,16]. However, the physiological relevance of the Lcysteine-mediated decomposition of the protein-bound DNICs was not addressed. Here, we
took advantage of the starvation approach under which the intracellular free amino acids in
E. coli cells were largely depleted after 3 hours aerobic incubation in the M9 minimal
medium without any carbon sources [31]. The starved E. coli cells (containing recombinant
iron-sulfur enzyme aconitase B [32]) were subject to the NO exposure at a rate of 100 nM
NO per second for 10 min using the Silastic tubing NO delivery system as described in [16].
Chloramphenicol was added to block new protein synthesis in the E. coli cells before the
NO exposure. The NO-exposed E. coli cells were then re-incubated in the M9 minimal
medium with or without glucose (0.2%) under aerobic conditions at 37°C for 60 min. The
cell extracts were immediately prepared from the E. coli cells for the analysis of aconitase
activity as described in [17].
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Figure 1A shows that the aconitase activity in the E. coli cells was abolished by the NO
exposure and largely restored when the NO-exposed E. coli cells were re-incubated in the
M9 minimal medium with glucose under aerobic conditions. However, when the NOexposed E. coli cells were re-incubated in the M9 minimal medium without glucose under
aerobic conditions, no aconitase activity was recovered after incubation (Figure 1A). The
whole-cell EPR (Electron Paramagnetic Resonance) measurements further showed that
unlike the aerobically growing E. coli cells, the starved E. coli cells failed to decompose the
protein-bound DNICs (Figure 1B).
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We then asked whether L-cysteine can promote the decomposition of the protein-bound
DNICs in the starved E. coli cells under aerobic conditions. Because E. coli has at least two
L-cysteine uptake transporters [40,41], we assumed that at least some of L-cysteine
supplemented in the minimal medium will be taken-up by the starved E. coli cells. Figure
2A shows that supplement with L-cysteine did indeed result in decomposition of the proteinbound DNICs in the starved E. coli cells under aerobic conditions. In contrast, addition of Lserine, or reduced glutathione had no effect on the protein-bound DNICs in the starved E.
coli cells under aerobic conditions. Similarly, addition of N-acetyl-L-cysteine and L-cystine
(oxidized L-cysteine) failed to decompose the protein-bound DNICs in the starved E. coli
cells (data not shown). These results clearly suggested that L-cysteine has its unique activity
in decomposing the protein-bound DNICs not only in vitro [13,16] but also in the starved E.
coli cells. Interestingly, supplement of L-cysteine only restored less than 10% of the total
aconitase activity in the NO-exposed starved E. coli cells (Figure 2B), indicating that while
L-cysteine can efficiently decompose the protein-bound DNICs in the starved E. coli cells
under aerobic conditions, other cellular factors are required for a full re-activation of the
NO-modified iron-sulfur proteins [14].
Oxygen is essential for the L-cysteine-mediated decomposition of the protein-bound
DNICs
Because L-cysteine could be oxidized by oxygen in the presence of transition metals such as
iron in solution [41,42], we thought that L-cysteine would be more effective in decomposing
the protein-bound DNICs in the starved E. coli cells under anaerobic conditions. To our
surprise, addition of L-cysteine had little or no effect on the protein-bound DNICs in the
starved E. coli cells under anaerobic conditions (Figure 3A). The requirement of oxygen for
the L-cysteine-mediated decomposition of the protein-bound DNICs in the starved E. coli
cells was not strainspecific, as the same results were observed when either E. coli MC4100
or GC4468 was used for the experiments (data not shown).
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One of the explanations would be that the starved E. coli cells may take up L-cysteine under
aerobic conditions but not under anaerobic conditions. To overcome the cell’s membrane
barriers, we prepared the cell extracts from the NO-exposed E. coli cells and incubated the
cell extracts directly with L-cysteine under aerobic and anaerobic conditions. Figure 3B
shows that L-cysteine had little or no effect on the protein-bound DNICs under anaerobic
conditions. However, under aerobic conditions, L-cysteine efficiently decomposed the
protein-bound DNICs in the cell extracts. Over 75% of the protein-bound DNICs in the cell
extracts were decomposed by L-cysteine after 5 min incubation under aerobic conditions
(Figure 3C). Thus, oxygen is required for the L-cysteine-mediated decomposition of the
protein-bound DNICs in the starved E. coli cells and in the cell extracts.
To rule out possible contributions of other cellular components to the L-cysteine-mediated
decomposition of the protein-bound DNICs, we purified the aconitase B-bound DNIC from
the NO-exposed E. coli cells and incubated the purified protein with L-cysteine under
aerobic and anaerobic conditions. While L-cysteine quickly decomposed the aconitase Bbound DNIC under aerobic conditions (Figure 4A), L-cysteine had little or no effect on the
Free Radic Biol Med. Author manuscript; available in PMC 2011 July 15.
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aconitase B-bound DNIC under anaerobic conditions (Figure 4B). Parallel measurements of
EPR signal at g = 2.04, nitrite, and ferrous iron in the incubation solution revealed that the
L-cysteine-mediated decomposition of the aconitase B-bound DNIC was accompanied with
release of nitrite and ferrous iron from the complex under aerobic conditions (Figure 4C).
Nitrate and S-nitrosothiols were not detectable during the incubation process, indicating that
nitrite is the major stable metabolite of the decomposition reaction. Taken together, the
results indicated that oxygen and L-cysteine are necessary and sufficient for decomposition
of the protein-bound DNICs.
Superoxide and hydrogen peroxide are not involved in the L-cysteine-mediated
decomposition of the protein-bound DNICs
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Vanin and colleagues recently reported that an excess of superoxide can partially disrupt the
DNIC in bovine albumin in vitro [43]. To test whether L-cysteine decomposes the proteinbound DNICs by promoting the production of superoxide and/or hydrogen peroxide under
aerobic conditions, we included excessive amounts of superoxide dismutase and/or bovine
liver catalase (Sigma co.) in the incubation solution. Figure 5 shows that addition of
superoxide dismutase and/or catalase failed to prevent the L-cysteine-mediated
decomposition of the aconitase B-bound DNIC under aerobic conditions. Similar results
were obtained when the cell extracts prepared from the NO-exposed E. coli cells were
incubated with L-cysteine in the presence of superoxide dismutase and catalase under
aerobic conditions (data not shown). Therefore, it is unlikely that superoxide and hydrogen
peroxide are involved in the L-cysteine-mediated decomposition of the protein-bound
DNICs under aerobic conditions.
L-cysteine is able to exchange the DNIC with the protein-bound DNICs
As an alternative model, we postulated that L-cysteine may extrude the DNIC from the
protein-bound DNICs to form the L-cysteine-bound DNIC via the thiol ligand exchange. Lcysteine is able to form the DNIC with ferrous iron and NO in solution [44–46] and further
to transfer the DNIC to proteins such as bovine serum albumin in vitro [36]. To determine
whether the L-cysteine-bound DNIC can also transfer the DNIC to iron-sulfur proteins, we
incubated the L-cysteine-bound DNIC with an equal concentration of purified E. coli
aconitase B at 37°C under anaerobic conditions. Figure 6 shows that over 90% of the Lcysteine-bound DNIC was transferred to aconitase B to form the aconitase B-bound DNIC
after 10 min anaerobic incubation. Furthermore, the transfer of the DNIC from the Lcysteine-bound DNIC to aconitase B did not require the iron-sulfur cluster in protein, as
apo-aconitase B can equally accept the DNIC from the L-cysteine-bound DNIC under
anaerobic conditions (data not shown).
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The observed transfer of the DNIC from L-cysteine to aconitase B under anaerobic
conditions suggested that if the protein-bound DNICs were incubated with an excess of Lcysteine, the DNICs in protein may be transferred back to L-cysteine to form the L-cysteinebound DNIC. Indeed, when the aconitase B-bound DNIC was incubated with 500-fold
excess of L-cysteine under anaerobic conditions, a small but reproducible amount (5–10%)
of the aconitase B-bound DNIC was removed (data not shown). These results suggested that
L-cysteine is able to exchange the DNIC with the protein-bound DNICs to form the Lcysteine-bound DNIC under anaerobic conditions.
The L-cysteine-bound DNIC is stable under anaerobic conditions and decomposed under
aerobic conditions
The proposed equilibrium between the protein-bound DNICs and the L-cysteine-bound
DNIC would no longer be at equilibrium if the L-cysteine-bound DNIC is continuously
decomposed by oxygen, resulting in eventual decomposition of the protein-bound DNICs.
Free Radic Biol Med. Author manuscript; available in PMC 2011 July 15.
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To test this idea, we incubated the freshly prepared L-cysteine-bound DNIC at 37°C under
aerobic and anaerobic conditions. Figure 7A shows that the L-cysteine-bound DNIC was
completely decomposed under aerobic conditions, but remained unchanged under anaerobic
conditions. The half-life time of the L-cysteine-bound DNIC under aerobic conditions was
about 5 min (Figure 7B), which is similar to that previously reported by Boese et al. [36].

Discussion
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A complete repair of the NO-modified iron-sulfur proteins requires at least two steps:
decomposition of the protein-bound DNICs and re-assembly of new iron-sulfur clusters in
the proteins [13,14]. Previous studies indicated that L-cysteine has its unique activity in
decomposing the protein-bound DNICs in vitro under aerobic conditions [13,16]. Here, we
find that L-cysteine can also decompose the protein-bound DNICs in the starved E. coli cells
under aerobic conditions (Figure 2). Other related biological thiols including reduced
glutathione, N-acetyl-L-cysteine and L-cystine have little or no effects on the protein-bound
DNICs in the starved E. coli cells, suggesting that L-cysteine is able to decompose the
protein-bound DNICs not only in vitro [13,16] but also in the starved E. coli cells. Under
normal growth conditions, the intracellular L-cysteine concentration is estimated to be
around 200 µM in E. coli cells [41,42], which would be sufficient for decomposing the
protein-bound DNICs formed in the cells by NO. However, upon the carbon starvation, the
intracellular L-cysteine (and other free amino acids) is largely depleted [31], resulting in
failure to decompose the protein-bound DNICs. Importantly, supplement of L-cysteine in
the minimal medium is able to increase the intracellular L-cysteine content [41], thus
restoring the cellular activity for decomposing the protein-bound DNICs in the starved E.
coli cells under aerobic conditions (Figure 2A). Nevertheless, supplement of L-cysteine in
the minimal medium only restores less than 10% of the activity of the iron-sulfur enzyme
aconitase in the starved E. coli cells (Figure 2C), suggesting that additional cellular factors
such as the iron-sulfur cluster assembly proteins [14] and the di-iron protein YtfE [30] could
be required for a full re-activation of the NO-modified iron-sulfur proteins.
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The salient finding reported in this study is that oxygen is required for the L-cysteinemediated decomposition of the protein-bound DNICs in vitro and in vivo. While L-cysteine
can efficiently decompose the protein-bound DNICs in the starved E. coli cells and in
purified proteins under aerobic conditions, L-cysteine has very little or no effect on the
protein-bound DNICs under anaerobic conditions (Figure 3 and Figure 4). At least two
hypotheses could be considered for the mechanism of the L-cysteine/oxygen-mediated
decomposition of the protein-bound DNICs. For the first hypothesis, L-cysteine may
promote the production of reactive oxygen species which in turn disrupt the DNIC in
proteins under aerobic conditions. Vanin’s group recently reported that an excess of
superoxide can partially disrupt the DNIC in bovine albumin in vitro [43]. However,
addition of excessive superoxide dismutase and catalase fails to prevent the L-cysteinemediated decomposition of the protein-bound DNICs under aerobic conditions (Figure 5),
indicating that superoxide and hydrogen peroxide are not directly involved in the L-cysteine/
oxygen-mediated decomposition of the protein-bound DNICs. Alternatively, we propose
that L-cysteine may extrude the DNIC from the protein-bound DNICs to form the Lcysteine-bound DNIC which is rapidly decomposed by oxygen (Figure 8). The results
shown in Figure 6 and by others [36] clearly supported the idea that L-cysteine can
exchange the DNIC with the protein-bound DNICs via the thiol ligands exchange. Unlike
the protein-bound DNICs which are stable under aerobic and anaerobic conditions [13]
(Figure 4), the L-cysteine-bound DNIC is rapidly disrupted by oxygen under aerobic
conditions (Figure 7), resulting in eventual decomposition of the protein-bound DNICs. It
should be pointed out that we still do not fully understand the chemistry for the observed
stability of the L-cysteine-bound DNIC and the protein-bound DNICs under aerobic
Free Radic Biol Med. Author manuscript; available in PMC 2011 July 15.
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conditions. Perhaps, the rigid protein structure provides stable binding ligands for the
DNICs, whereas the DNIC bound by “free” L-cysteine in solution is unstable and
susceptible to oxidation and decomposition by oxygen. Evidently, additional experiments
are required to further elucidate the molecular details of the L-cysteine/oxygen-mediated
decomposition of the protein-bound DNICs. Nevertheless, the finding that oxygen is
essential for the L-cysteine-mediated decomposition of the protein-bound DNICs provides a
logical explanation for the puzzled observations that the NO-modified iron-sulfur proteins
are efficiently repaired in the wild-type E. coli cells under aerobic conditions [2,16] but not
under anaerobic conditions [16].
The protein-bound DNICs have also been described as potential reservoirs for the protein Snitrosation [27,36,46], a process involved in diverse signaling pathways [47–49]. Because
the NO moieties in the DNICs have a partial positive charge [44], they may act as a natural
source of NO+ for the protein S-nitrosation [27,36]. In light of this study, if L-cysteine and
oxygen are ample for decomposing the protein-bound DNICs, the protein-bound DNICs
may have no chance to produce S-nitrosothiols in target proteins. However, if oxygen and/or
L-cysteine are scarce, the protein-bound DNICs may effectively donate the NO moieties for
S-nitrosation in proteins. The interplay between the L-cysteine/oxygen-mediated
decomposition of the protein-bound DNICs and S-nitrosation of proteins remains to be
further investigated.
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Figure 1. The starved E. coli cells fail to repair the NO-modified iron-sulfur proteins under
aerobic conditions

NIH-PA Author Manuscript

E. coli cells containing recombinant aconitase B (pBACNB) were washed three times with
the M9 minimal medium (without glucose) and re-suspended in the same minimal medium
to an OD at 600 nm of 4.0. After 3 hours starvation in the M9 minimal medium (without
glucose) under aerobic conditions, chloramphenicol (34 µg/ml) was added to block new
protein synthesis before the cells were exposed to NO using the Silastic tubing NO delivery
system. A), relative aconitase activity in the cell extracts prepared from a), untreated starved
E. coli cells; b), the NO-exposed starved E. coli cells; c), the NO-exposed starved E. coli
cells after aerobic incubation in the M9 minimal medium with glucose (0.2%) at 37°C for 60
min; d), the NO-exposed starved E. coli cells after aerobic incubation in the M9 minimal
medium without glucose at 37°C for 60 min. The results are averages from three
independent experiments. B), the whole cell EPR spectra. The starved E. coli cells (spectrum
a) were exposed to NO (spectrum b), followed by re-incubation in the M9 minimal medium
with (spectrum c) or without (spectrum d) glucose (0.2%) at 37°C for 60 min under aerobic
conditions.
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Figure 2. L-cysteine mediates decomposition of the protein-bound DNICs in the starved E. coli
cells under aerobic conditions

A), L-cysteine has a unique activity in decomposing the protein-bound DNICs in the starved
E. coli cells under aerobic conditions. The NO-exposed starved E. coli cells (spectrum 1)
were incubated in the M9 minimal medium (without glucose) supplemented with L-serine (1
mM) (spectrum 2), reduced glutathione (1 mM) (spectrum 3), or L-cysteine (1 mM)
(spectrum 4) at 37°C for 60 min under aerobic conditions. B), relative aconitase activity in
the cell extracts prepared from a), untreated starved E. coli cells; b), the NO-exposed starved
E. coli cells; c), d), and e), the NO-exposed starved E. coli cells re-incubated aerobically at
37°C for 60 min in the M9 minimal medium supplemented with L-serine (Ser) (1 mM),
reduced glutathione (GSH) (1 mM), or L-cysteine (Cys) (1 mM), respectively. The data are
the averages from three independent experiments.
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Figure 3. Oxygen is required for the L-cysteine-mediated decomposition of the protein-bound
DNICs in the starved E. coli cells

A), the NO-exposed starved E. coli cells (spectrum 1) were incubated at 37°C for 60 min in
the M9 minimal medium (without glucose) supplemented with L-cysteine (1 mM) under
aerobic (spectrum 2) or anaerobic (spectrum 3) conditions. B), the cell extracts prepared
from the NO-exposed starved E. coli cells (spectrum 1) were incubated at 37°C for 30 min
with L-cysteine (1 mM) under aerobic (spectrum 2) or anaerobic (spectrum 3) conditions.
C), kinetics of the L-cysteine-mediated decomposition of the protein-bound DNICs in the
cell extracts under aerobic and anaerobic conditions. The cell extracts prepared from the
NO-exposed starved E. coli cells were incubated with L-cysteine (1 mM) at 37°C under
Free Radic Biol Med. Author manuscript; available in PMC 2011 July 15.
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aerobic (open circles) or anaerobic (open squares) conditions. The amplitudes of the EPR
signal at g = 2.04 of the protein-bound DNICs were plotted as a function of incubation time.
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Figure 4. Oxygen is required for the L-cysteine-mediated decomposition of the aconitase Bbound DNIC in vitro

A), effect of L-cysteine on the aconitase B-bound DNIC under aerobic conditions. Purified
aconitase B-bound DNIC (5 µM) (spectrum a) was incubated with buffer (spectrum b) or Lcysteine (1 mM) (spectrum c) under aerobic condition at 37°C for 30 min. B), effect of Lcysteine on the aconitase B-bound DNIC under anaerobic conditions. Purified aconitase Bbound DNIC (5 µM) (spectrum a) was incubated with buffer (spectrum b) or L-cysteine (1
mM) (spectrum c) under anaerobic condition at 37°C for 30 min. C), kinetics of the Lcysteine-mediated decomposition of the aconitase B-bound DNIC under aerobic conditions.
Purified aconitase B-bound DNIC (5 µM) was incubated with L-cysteine (1 mM) at 37°C
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under aerobic conditions. At indicated time points, aliquot was taken for the measurements
of the EPR signal at g = 2.04 (closed squares), “free” ferrous iron (closed circles), and nitrite
(open circles) as described in the Materials and Methods. The data are representatives of
three independent experiments.
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Figure 5. Role of superoxide and hydrogen peroxide in the L-cysteine-mediated decomposition of
the protein-bound DNICs

Purified aconitase B-bound DNIC (5 µM) (spectrum 1) was incubated with L-cysteine (1
mM) (spectrum 2), or L-cysteine (1 mM) with superoxide dismutase (200 units/ml)
(spectrum 3), L-cysteine (1 mM) with catalase (200 units/ml) (spectrum 4), or L-cysteine (1
mM) with superoxide dismutase (200 units/ml) and catalase (200 units/ml) (spectrum 5).
Spectrum 6), purified aconitase B-bound DNIC (5 µM) was incubated with superoxide
dismutase (200 units/ml) and catalase (200 units/ml) only. All samples were incubated at
37°C for 30 min under aerobic conditions.
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Figure 6. The L-cysteine-bound DNIC can transfer the DNIC to aconitase B under anaerobic
conditions

Purified E. coli aconitase B (17 µM) was incubated with buffer (spectrum 1) or the Lcysteine-bound DNIC (20 µM) (spectrum 2) at 37°C for 10 min under anaerobic conditions,
followed by re-purification of the protein. Spectrum 3) is the L-cysteine-bound DNIC (20
µM). The spectra are the representatives from three independent experiments.
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Figure 7. Different stability of the L-cysteine-bound DNIC under aerobic and anaerobic
conditions

A), the EPR spectra of the L-cysteine-bound DNIC. The L-cysteine-bound DNIC (20 µM)
(spectrum a) was incubated under anaerobic (spectrum b) or aerobic (spectrum c) conditions
at 37°C for 20 min. B), decomposition kinetics of the L-cysteine-bound DNIC under aerobic
(closed circles) or anaerobic (open circles) conditions. At indicated time points, aliquot was
taken from the incubation solutions for the EPR measurements. The amplitudes of the EPR
signal at g = 2.04 of the L-cysteine-bound DNIC were plotted as a function of incubation
time.
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Figure 8. A proposed model for the L-cysteine-mediated decomposition of the protein-bound
DNICs
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L-cysteine extrudes the DNIC from the protein-bound DNICs to form the L-cysteine-bound
DNIC via the thiol ligand exchange. Under anaerobic conditions, both the L-cysteine-bound
DNIC and the protein-bound DNICs are stable, and no DNIC is decomposed. Under aerobic
conditions, the L-cysteine-bound DNIC is rapidly disrupted by oxygen, resulting in eventual
decomposition of the protein-bound DNICs.
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